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Introduction
Bromodomain-containing protein 7 (BRD7), a member of the bromodomain-containing protein family, was originally identified from nasopharyngeal carcinoma (NPC) cells [1, 2] . Since then, BRD7 has been reported to play a role in tumor suppression and regulation of the cell cycle and cell growth [1, 3, 4] . For example, previous studies have suggested that BRD7 binds to BRCA-1 and p53 [5] [6] [7] [8] . Recent work has shown that BRD7 interacts with the regulatory subunits of phosphatidylinositol 3-kinase (PI3K), p85α and p85β [9, 10] . This interaction increases the nuclear translocation of p85s, as well as a transcription factor called the spliced form of X-box binding protein 1 (XBP1s) [10] , which is a master regulator of the endoplasmic reticulum (ER) protein folding function. A disruption to ER homeostasis can cause ER stress, which has been previously implicated in multiple metabolic diseases, including diabetes [11] [12] [13] [14] . Of pathophysiological importance, BRD7 protein levels are significantly reduced in the liver of obese mice [10] . Reinstating hepatic BRD7 levels in obese and type 2 diabetic mice enables the translocation of XBP1s to the nucleus, which leads to decreased ER stress and improved glucose tolerance [10] . However, understanding the exact role of BRD7 in the insulin-signaling pathway and how BRD7 is involved in the maintenance of glucose homeostasis needs further investigation.
The insulin-signaling pathway is activated by insulin binding to a tyrosine kinase receptor, insulin receptor (IR). IR phosphorylates insulin receptor substrate 1 and 2 (IRS1/2), which then recruits PI3K. Protein kinase B (AKT) is a key effector protein downstream of PI3K [15, 16] . Activation of AKT kinase leads to phosphorylation and inactivation of glycogen synthase kinase 3β (GSK3β) [17] , which is a serine/threonine kinase that was originally discovered as a glycogen synthase (GS) regulator. It was previously reported that inhibiting GSK3β activity improves glucose tolerance in diabetic mice [18] ; therefore, GSK3β has been suggested as a drug target for the treatment of type 2 diabetes [19] . However, the detailed mechanism by which GSK3β regulates glucose homeostasis is not fully understood.
Tuberous sclerosis protein 2 (TSC2) is another AKT substrate that acts as a GTPase-activating protein (GAP) for the Ras-related small G protein, Rheb. TSC2 negatively regulates the activity of the mammalian target of rapamycin (mTOR)-raptor complex 1 (mTORC1) by inhibiting Rheb-GTP to inactivate mTORC1 signaling [20] . Phosphorylation of TSC2 by AKT inhibits its GAP activity, allowing Rheb-GTP to activate mTORC1 [21] affecting cell growth, proliferation, and protein synthesis. Cells lacking TSC2 display constitutively high activation of mTORC1 activity and defective PI3K-AKT signaling [22] . The dysfunction of mTORC1 has been implicated in multiple diseases, including kidney disease [23] , cancer, obesity, and type 2 diabetes [24] .
Ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) are downstream effectors of mTORC1 [25] . S6K is an AGC family protein kinase that is activated upon insulin stimulation [26] . S6K is phosphorylated by raptor, a member of the mTOR complex, and plays a role in the assembly of the ribosomal translational complex. It has been shown that mice deficient in S6K share phenotypically similar features with type 2 diabetic patients; they both display hypoinsulinaemia and glucose intolerance [27] . Studies have shown that mTORC1 signaling can phosphorylate GSK3β through S6K in TSC1-or TSC2-deficient cells [28] . 4E-BP1 is a translational repressor that prevents cap-dependent translation by binding to eIF4E [29, 30] . Raptor also phosphorylates 4E-BP1, which releases eIF4E to form the translational complex [31] .
Here, we report that BRD7 increases phosphorylation of GSK3β at the Serine 9 residue. We provide evidence that BRD7 can regulate GSK3β independently of AKT1/2 and that S6K signaling is involved in this regulation in the absence of AKT activity. These results suggest that BRD7 plays a significant role as a regulator in the insulin pathway and that this role circumvents the classic AKT-dependent signaling pathway. The classic insulin-signaling pathway is impaired in type 2 diabetes; therefore, the BRD7-mediated inhibition of GSK3β has the potential to be utilized in future treatments.
Materials and methods

Mice
C57BL/6J (wild-type) mice were obtained from The Jackson Laboratory. BRD7 Transgenic (BRD7Tg) mice were produced from our group as described in our results section. BRD7Tg mice were crossed with albumin-Cre +/− mice (The Jackson Laboratory) to generate a liver-specific transgenic line. Liver-specific BRD7 knockout (LBKO) mice were generated by first breeding heterozygous BRD7 whole body KO mice (BRD7 +/− ) [32] with a mouse line that carries Flp Recombinase, obtained from European Conditional Mouse Mutagenesis Program. The offspring were then bred with a mouse line that carries Cre recombinase under a modified human albumin promoter (The Jackson Laboratory). We determined genotypes by performing polymerase chain reaction (PCR) using genomic DNA isolated from tail biopsies at the age of 3 weeks, prior to weaning. The primers used for genotyping were as follows: BRD7 (F): 5′-GTG ACT TAC ATC CCC GGA GC-3′,  BRD7 (R): 5′-TTA GAG GAG TAG CCT TCC GTGAG-3′,  Cre (F): 5′-ACC AGC CAG CTA TCA ACT CG-3′,  Cre (R): 5′-TTA CAT TGG TCC AGC CAC C-3′. All experimental procedures were approved by, and adhered to the guidelines of, the Boston Children's Hospital institutional animal care and use committee.
Cell culture
Mouse embryonic fibroblasts (MEFs) and TSC2 −/− cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics [1% penicillin (10,000 units/mL) and 1% streptomycin (10,000 μg/mL)] all purchased from Gibco. AKT1/2 KO cells were cultured in DMEM supplemented with 20% FBS and antibiotics. All cell lines were maintained in a 37 °C humidified incubator with 5% CO 2 . For infection with adenovirus, cells were incubated with DMEM supplemented with 1% FBS and antibiotics for 16 h. Cell lines were confirmed by western blot analysis for specific knockouts.
Cell lysate extraction
Cells were lysed on ice for 10 min with RIPA cell lysis buffer [25 mM Tris (pH 7.4), 10 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM EDTA, 1 mM EGTA, and 1% NP40] supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). Lysates were centrifuged at 16,100×g for 5 min at 4 °C. Protein concentrations were determined using a DC protein assay (Bio-Rad). Samples were normalized and boiled for 5 min in 1× Laemmli buffer [2% SDS, 10% glycerol, 50 mM Tris (pH 6.8), 0.29 M β-mercaptoethanol, and 0.01% bromophenol blue].
Tissue lysate extraction
20 mg of tissue were lysed with tissue lysis buffer (25 mM Tris-HCl (pH 7.4), 10 mM Na 3 VO 4 , 100 mM NaF, 50 mM Na 4 P 2 O 7 , 10 mM EGTA, 10 mM EDTA, 1% NP40, and 2 mM PMSF) supplemented with protease and phosphatase inhibitors as described above. Tissues were homogenized in microcentrifuge tubes with a tungsten carbide bead by shaking at a frequency of 30 per second for 2 min on a tissue lyser (Qiagen). Homogenized tissue was then incubated with constant rotation for 1 h at 4 °C. Lysates were centrifuged at 16,100×g for 1 h at 4 °C. The lipid layer was carefully removed using a cotton-tipped applicator (Fisher Scientific). Protein concentrations were determined using a DC protein assay and samples were normalized as described above.
Nuclear protein extraction
Cells were lysed on ice for 5 min with cytoplasmic extraction buffer [10 mM HEPES (pH 7.5), 2 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 10 mM NaF, and 0.1 mM Na 3 VO 4 ], supplemented with protease and phosphatase inhibitors as described above. After incubation, 20 μL of 10% NP40 was added and samples were vortexed. After incubating on ice for 1 min, samples were centrifuged at 16,100×g for 1 min at 4 °C. The supernatant, containing the cytoplasmic portion, was transferred to a new tube and the pellet was resuspended using RIPA buffer supplemented with protease and phosphatase inhibitors as described above. The nuclear portion was then incubated for 10 min on ice, vortexed, and then centrifuged at 16,100×g for 5 min at 4 °C. Protein concentrations were determined using a DC protein assay and normalized as described above.
Western blotting
Proteins were resolved on an SDS-PAGE gel. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (EMD Millipore) and then blocked in a blocking solution (1× Tris-buffered saline (TBS: 10 mM Tris base and 150 mM NaCl) with a pH of 7.4 and 10% blocking reagent (Roche BM Chemiluminescence Western Blotting Substrate)) for 1 h at room temperature. The membrane was then incubated in primary antibody in TBS with 0.01% Tween (TBST) and 5% blocking reagent overnight at 4 °C. The α-Tubulin, pGSK3β, GSK3β, β-actin, AKT, Lamin A/C, pS6K, S6K, p4E-BP1, 4E-BP1, and eIF4E antibodies were all purchased from cellsignaling technology. The BRD7 antibody was produced by Covance Inc. Next, the membrane was washed in TBST three times for 20 min followed by incubation in secondary antibody in TBST with 5% blocking reagent for 1 h at room temperature. Goat anti-mouse IgG-HRP and goat anti-rabbit IgG-HRP were purchased from Santa Cruz Biotechnology and anti-rabbit IgG-HRP-linked antibody was purchased from cell-signaling technology. The membranes were washed three times in TBST for 20 min each wash. Membranes were developed using either Thermo Scientific West Femto Maximum Sensitivity Substrate or Roche BM Chemiluminescence Western Blotting Substrate depending on the strength of the immunoblotted protein. Denville Scientific HyBlot CL Film was used to develop membranes.
Adenovirus production
Mouse BRD7 cDNA (NCBI reference sequence ID: NM_012047.2) and BRD7 shRNA (5′-CCG GGC CAA GAT TAC CCG TAT GTT ACT CGA GTA ACA TAC GGG TAA TCT TGG CTT TTT-3′) were cloned to pENTR3C (Invitrogen) and recombined to pAD/CMV/V5-DEST using a gateway recombination system from Invitrogen, following the manufacturer's instructions. PacI (New England BioLabs) was used to digest the vector for transfection into 293A cells. 1 μg of vector was added to 30 μL of Opti-MEM (Gibco) and 3 μL of Lipofectamine 2000 (Invitrogen) was added to 30 μL of Opti-MEM, followed by 5 min of incubation at room temperature. The contents of the lipofectamine tube were then added to the tube containing the vector and incubated for 20 min at room temperature. Next, the mixture was added dropwise to a 60 mm cell culture plate of 293A cells containing 2 mL of DMEM supplemented with 10% FBS. After 16 h, medium was changed to DMEM supplemented with 10% FBS and antibiotics. 48 h after transfection, the cells were transferred to a 100 mm cell culture plate. The medium was replaced every 2-3 days until the cytopathic effect was observed. Cells were collected when the cytopathic effect was observed from 80% of cells, and virus was harvested by repeating three cycles of freezing and thawing in liquid nitrogen and at 37 °C. The product was centrifuged at 3300×g for 20 min at room temperature. The supernatant was then collected and stored at − 80 °C.
qPCR
RNA was extracted from 3 mg of tissue using Qiazol (Qiagen) and following the provided protocol. cDNA synthesis was done using an iScript cDNA Synthesis Kit (Bio-Rad), following their instructions. The reverse transcription conditions were 25 °C for 5 min, 46 °C for 20 min, and 95 °C for 1 min. qPCR was done using SYBR green master mix (Applied Biosystems) and the QuantStudio 6 Flex Real-Time PCR System. The primer sequences were as follows: 18S (F): 5′-AGT CCC TGC CCT TTG TAC ACA-3′, 18S (R): 5′-CGA TCC GAG GGC CTC ACT A-3′, BRD7 (F): 5′-GAG GCT GAG GTG TTC CAG AG-3′, BRD7 (R): 5′-TCA CCT GGA GGC ACT TGC TG-3′.
Quantification and statistical analysis
Quantification of western blotting was done using the ImageJ software's gel analyzer. Results were normalized to loading controls. mRNA levels were determined by comparative Ct values normalized to 18S. Error bars are represented as mean ± SEM, and P values were determined by Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001.
Results
BRD7 increases phosphorylation of GSK3β
We have previously observed that the expression levels of gluconeogenic genes, such as glucose-6-phosphatase, fructose biphosphatase, and phosphoenolpyruvate carboxykinase, are reduced in the liver of obese and diabetic mice when BRD7 was overexpressed by tail vein injection of an adenovirus that carries BRD7 cDNA [10] . In light of the fact that these enzymes are negatively regulated by the inhibiting activity of GSK3β [33] , we sought to investigate whether BRD7 affects the function of GSK3β. We first examined whether BRD7 modulates the activity of GSK3β by phosphorylation, since GSK3β activity is regulated by phosphorylation on its Serine 9 residue. To test this hypothesis, we infected mouse embryonic fibroblast (MEF) cells with Ad-BRD7 or an adenovirus that encodes eGFP (Ad-GFP) as a control. The western blot analysis from total lysates showed that BRD7 expression increases phosphorylation levels of GSK3β (Fig. 1a) .
Since GSK3β activity is modulated by insulin, we questioned whether this effect of BRD7 on GSK3β is also affected by insulin stimulation. To answer this, we expressed BRD7 in MEFs by infecting with Ad-BRD7 and Ad-GFP as a control, and stimulated with insulin at a concentration of 500 nM for 5, 10, or 20 min (Fig. 1b) . The western blot results showed that BRD7 overexpression increases phosphorylation of GSK3β, which is further augmented by insulin stimulation from as early as the 5 min timepoint (Fig. 1b) .
We have previously shown that under feeding conditions, mouse liver tissues express higher BRD7 levels. To isolate the function of BRD7 under refeeding conditions, we used BRD7 overexpression to mimic refeeding while reducing other potential confounding factors. To confirm this phenotype in an in vivo setting, we infected C57/BL6J wild-type mice with Ad-BRD7 and Ad-LacZ through the tail vein at a plaque forming unit (pfu) of 8 × 10 6 (n = 3 for each virus). The overexpression of BRD7 in the liver was confirmed at both mRNA and protein levels by performing qPCR ( Figure S1A ) and western blot analysis (Fig. 1c) . The western blot results from the liver of Ad-BRD7 injected mice showed an increase in pGSK3β levels when compared to its control group. To further confirm this result in a mouse line that steadily expresses higher BRD7 levels, and in addition, to avoid any possible side effects caused by the use of an adenovirus injection, we produced a BRD7 transgenic mouse line (BRD7Tg). This line was generated by inserting a stop codon flanked by LoxP sites upstream of BRD7 cDNA. The sequence was then inserted at the ROSA26 site (Fig. 1d) . The introduction of Cre recombinase (Cre) BRD7 regulates the insulin-signaling pathway by increasing phosphorylation of GSK3β by breeding BRD7Tg with a mouse line that carries Cre under the albumin promoter deletes the stop sequence and initiates the expression of BRD7 (BRD7Tg Cre+/− ). Induction of BRD7 expression was confirmed by qPCR ( Figure  S1B ) and a western blot (Fig. 1e) . The western blot results showed a significant increase in pGSK3β levels in the liver of BRD7Tg
Cre+/− mice when compared to their control group (Fig. 1e) .
Furthermore, to examine the effect of a lack of BRD7 on pGSK3β levels in mice, we generated an adenovirus that encodes shRNA specific for BRD7 (Ad-BRD7shRNA). We expressed BRD7shRNA in the liver of C57BL/6J mice by Refed (hr)
LacZshRNA BRD7shRNA ** * ** Fig. 1 BRD7 increases phosphorylation of GSK3β. a MEFs were infected with Ad-BRD7 or Ad-GFP as a control and total lysates were blotted for pGSK3β, GSK3β, BRD7, and tubulin. The graph shows quantification of the western blot for pGSK3β normalized to total GSK3β. b MEFs were infected with Ad-BRD7 and Ad-GFP as a control, and then stimulated with insulin (500 nM) for the indicated timepoints. Protein lysates were blotted for the indicated antibodies. c 7-week-old C57/BL6J wild-type male mice were injected with Ad-BRD7 or Ad-LacZ as a control at a plaque forming unit (pfu) of 8 × 10 6 (n = 3 for each virus) through the tail vein. Western blots were performed from total lysate samples. d Schematic diagram of the construct used to generate BRD7 transgenic mouse model (BRD7Tg). e Liver was extracted from 7-week-old BRD7Tg
Cre+/− mice and BRD7Tg
Cre−/− as a control. Western blots were performed for the indicated antibodies. f 7-week-old wild-type mice were injected with Ad-LacZshRNA or Ad-BRD7shRNA (pfu of 8 × 10 6 , n = 6 for each virus). Immunoblots show pGSK3β levels in total liver lysates during fast-refeeding (n = 3 for each condition). Error bars are represented as mean ± SEM. P values were determined by Student's t test. (*P < 0.05, **P < 0.01, ***P < 0.001). Each experiment was independently repeated at least three times injecting Ad-BRD7shRNA through the tail vein at a pfu of 8 × 10 6 (n = 6 per each group). We injected Ad-LacZshRNA as a control ( Figure S1C ). 8 days after the injection, we fasted the mice for 24 h and refed ad libitum for 1 h. Western blots from total lysates showed an increase in pGSK3β levels under refeeding conditions with an Ad-LacZshRNA injection. This increased phosphorylation of GSK3β was diminished in the BRD7shRNA expressing group (Fig. 1f) .
AKT1 and AKT2 are not required for BRD7-mediated increase in phosphorylation of GSK3β
Since AKT phosphorylates GSK3β upon insulin stimulation in the classic insulin-signaling pathway, we questioned whether AKT is involved in the BRD7-mediated phosphorylation of GSK3β. To answer this question, we examined whether BRD7 can increase phosphorylation were infected with Ad-GFP or Ad-BRD7, followed by insulin stimulation (500 nM) for 10 min. Total lysates were immunoblotted for the indicated antibodies. e MEF and AKT1/2 KO cells were infected with Ad-BRD7 and stimulated with insulin (500 nM, 10 min). Total lysates were immunoblotted for indicated antibodies. Error bars are represented as mean ± SEM. P values were determined by Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001. Each experiment was independently repeated at least three times BRD7 regulates the insulin-signaling pathway by increasing phosphorylation of GSK3β levels of GSK3β in the absence of AKT1/2, or if the presence of AKT is required for this increase. For this, we used AKT1/2 knockout (KO) cells, where AKT1 and AKT2 isoforms have been silenced and corresponding control MEFs. We first checked total AKT levels in MEF and AKT1/2 KO cells using an antibody that recognizes all AKT isoforms (Fig. 2a) . We infected AKT1/2 KO cells with Ad-BRD7 and Ad-GFP as a control. The western blot analysis from total lysates showed that AKT1/2 are not absolute requisites for BRD7-mediated phosphorylation of GSK3β (Fig. 2b) . This result was additionally confirmed in nuclear fractionates (Fig. 2c) . Furthermore, we observed that increased . a 7-week-old wild-type male mice were injected with Ad-BRD7 or Ad-LacZ as a control and total lysates were blotted for pS6K, S6K, BRD7, and tubulin. The graph shows quantification of the western blot for pS6K normalized to total S6K. b Western blot analysis from the total lysate of the liver of 6-week-old BRD7Tg Cre+/− and BRD7Tg
Cre−/− mice. c Western blots were performed for the indicated antibodies from the liver lysates of LBKO and control wildtype mice. d AKT1/2 KO cells were infected with Ad-BRD7 or Ad-GFP as a control and total lysates were blotted for indicated antibodies. Error bars are represented as mean ± SEM. P values were determined by Student's t test. (*P < 0.05, **P < 0.01, ***P < 0.001). Each experiment was independently repeated at least three times phosphorylation levels of GSK3β respond to insulin stimulation in AKT1/2 KO cells with BRD7 overexpression (Fig. 2d) . To further confirm these results in comparison with MEFs, we infected MEF and AKT1/2 KO cells with Ad-BRD7 and compared the phosphorylation levels of GSK3β upon insulin stimulation. The results showed that BRD7 mediates the phosphorylation of GSK3β in the absence of AKT1/2 activity at a similar level to MEFs, where AKT1/2 is present (Fig. 2e) .
BRD7 increases phosphorylation of GSK3β through S6K
We sought to investigate which kinase is responsible for the phosphorylation of GSK3β in the absence of AKT activity. In light of the fact that mTORC1 plays a role when AKT is inhibited [34] , we explored whether BRD7 increases the phosphorylation of GSK3β via pS6K. We overexpressed BRD7 in the liver of C57/BL6J wild-type mice by injecting Ad-BRD7 and Ad-LacZ through the tail vein at a pfu of 8 × 10 6 (n = 3 for each virus). The western blot analysis showed that phosphorylation of S6K at the Threonine 389 residue is increased with BRD7 regulation (Fig. 3a) . We then confirmed the results in BRD7Tg
Cre+/− mice and compared them to their control BRD7Tg
Cre−/− mice (Fig. 3b) . To understand whether BRD7 is needed for the activation of S6K, we generated a liver-specific BRD7 knockout mouse model (LBKO) and compared its pS6K levels to its control wild-type mice. The results showed that a lack of BRD7 leads to a significant decrease in pS6K levels (Fig. 3c) . To observe the effect of BRD7 on pS6K in the absence of AKT1/2, we infected AKT1/2 KO cells with Ad-GFP or Ad-BRD7. Western blot results showed an increase in pS6K levels upon BRD7 overexpression in AKT1/2 KO cells (Fig. 3d) .
To determine the alternative mechanism of AKT1/2-independent BRD7-mediated phosphorylation of GSK3β, we tested the sensitivity of phosphorylation of GSK3β by treating with the mTOR inhibitor torin1. We utilized TSC2 KO cells, in which mTOR is highly active and AKT activation is defective. We treated TSC2 KO cells with torin1 at a concentration of 10 nM for 1 h, following infection with Ad-BRD7 and Ad-GFP as a control (Fig. 4a) . The phosphorylation of GSK3β was increased in the Ad-BRD7-infected cells when compared to Ad-GFP infected cells. However, BRD7 did not mediate phosphorylation of GSK3β under torin1 treatment. Next, we treated TSC2 KO cells with rapamycin, an inhibitor of mTORC1, at a concentration of 200 μM for 30 min to specify if mTORC1 was responsible for this phenotype. In rapamycin treated TSC2 KO cells, phosphorylation of S6K was completely blunted and phosphorylation of GSK3β was not increased by BRD7 overexpression (Fig. 4b) . Therefore, represented as mean ± SEM. P values were determined by Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001). Each experiment was independently repeated at least three times BRD7 regulates the insulin-signaling pathway by increasing phosphorylation of GSK3β we show that S6K plays a role in BRD7-mediated phosphorylation of GSK3β through mTORC1 activity.
The BRD7-mediated phosphorylation of GSK3β leads to increased mTORC1 activity Next, we examined the phosphorylation levels of 4E-BP1, another downstream effector protein of the PI3K pathway and mTOR kinase. We showed that increased BRD7 levels lead to a higher phosphorylation of 4E-BP1 in the liver of wild-type mice that were injected with Ad-BRD7 through the tail vein when compared to the Ad-LacZ-injected group (Fig. 5a ). This increased phosphorylation of 4E-BP1 was confirmed in BRD7Tg Cre+/− mice when compared to BRD7Tg
Cre−/− mice (Fig. 5b) . We also showed that the phosphorylation levels of 4E-BP1 are significantly decreased in . a 7-weekold wild-type male mice were injected with Ad-LacZ or Ad-BRD7 through the tail vein at a pfu of 8 × 10 6 (n = 3 for each virus) and total lysates of liver tissue were blotted for p4E-BP1, 4E-BP1, BRD7, and tubulin. Quantification of the western blot shown below. b Western blots were performed for total lysates from 6-week-old BRD7Tg
Cre−/− and BRD7Tg +Cre/− mice. c Immunoblots from the liver of LBKO mice and their control mice. d AKT1/2 knockout cells were infected with Ad-BRD7 or Ad-GFP as a control. Total lysates were blotted for the indicated antibodies. Error bars are represented as mean ± SEM. P values were determined by Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001. Each experiment was independently repeated at least three times LBKO mice when compared to wild-type mice (Fig. 5c ). However, this increase in phosphorylation levels of 4E-BP1 with BRD7 overexpression was not observed in AKT1/2 KO cells (Fig. 5d ). 4E-BP1 binds to the eukaryotic translation initiation factor 4E (eIF4E) to prevent cap-dependent mRNA translation. To see the effect that BRD7 overexpression has on this segment of the mTORC1-signaling pathway, we analyzed total eIF4E levels in wild-type mice that were overexpressing BRD7 and compared them to the Ad-LacZinjected group. We observed higher eIF4E levels in the tissues with higher BRD7 levels (Fig. 6a) . This increase in eIF4E was also shown in the liver of BRD7Tg
Cre+/− mice when compared to their control mice (Fig. 6b) . We found that this pattern was not present in AKT1/2 KO cells infected with Ad-GFP or Ad-BRD7 (Fig. 6c) .
Discussion
Glycogen synthase kinase 3β (GSK3β) was initially discovered as a regulator of glycogen synthase [35] . More recently, GSK3β has been shown to have a broad range of functions, including in bone resorption of osteoclasts [36] and tumor suppression in prostate carcinoma cells [37] . Increased GSK3β activity has been implicated in type 2 diabetes, and reducing GSK3β activity has been suggested as a possible therapeutic target [18, 19, 38, 39] . However, inhibiting its activity by means of continuous activation of AKT would not be an ideal course of treatment, because altering AKT activity has been implicated in the development of various cancers [40, 41] . In this report, we show that an increase in BRD7 protein levels leads to an increase in phosphorylation of GSK3β and that this occurs even in the absence of AKT1/2 kinase activity.
The existence of an AKT-independent pathway that controls glucose homeostasis has recently been discussed in the field. For example, it was previously thought that AKT is absolutely required in insulin signaling to inactivate Forkhead box O1 (FoxO1) activity and reduce glucose production. However, it has been shown that AKT is dispensable for hepatic glucose production in the absence of FoxO1 [42] . This suggests that there could be another AKTindependent pathway that controls glucose metabolism. Our results show that BRD7 mediates phosphorylation of GSK3β in an AKT-independent manner, which suggests that it could be involved in an alternative mechanism for controlling glucose homeostasis.
In an attempt to understand how BRD7 increases phosphorylation of GSK3β in the absence of AKT, we determined whether mTOR is involved. To investigate whether BRD7 increases phosphorylation of GSK3β through mTORC1, we used TSC2 KO cells, in which AKT activity is defective, and we further inhibited mTORC1 activity by treating cells with torin1. When both AKT and mTOR activity was blocked, increased phosphorylation of GSK3β with BRD7 overexpression was not observed.
Even though AKT and mTOR share some common effector proteins, a key regulator that controls the traffic of AKT and mTORC signaling pathways has yet to be determined. In our previous work, we showed that BRD7 overexpression in an obese condition increases phosphorylation of AKT through the insulin receptor-signaling pathway [10]. In our current report, we show that BRD7 can also induce GSK3β phosphorylation through an AKT-independent mechanism that requires S6K. Furthermore, under certain circumstances where AKT is dysregulated, such as cancerous conditions [43] , BRD7 overexpression leads to decreased phosphorylation of AKT at the Serine 473 residue [9] . Considering these previous reports and our current findings, this suggests that Ad-GFP or Ad-BRD7. Error bars are represented as mean ± SEM. P values were determined by Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001. Each experiment was independently repeated at least three times BRD7 regulates the insulin-signaling pathway by increasing phosphorylation of GSK3β BRD7 acts as a central molecule that switches from one kinase to another to regulate activation depending on the source of stimuli and basal activation levels.
What would be the benefit of having BRD7 induce phosphorylation of GSK3β both by AKT, and also independently of AKT? Under normal insulin-stimulated conditions, such as after a meal, BRD7 induces phosphorylation of GSK3β through AKT. Phosphorylation of GSK3β leads to the activation of glycogen synthase (GS) activity, which in turn increases glycogen content. After a meal, however, sustained activation of AKT would not be ideal. AKT is involved in a complex network that integrates a multitude of signals, which can also promote oncogenic signaling pathways. At this point, BRD7 perhaps establishes S6K as the predominant regulator of GSK3β to maintain GS activity, while nutrients are still abundant (Fig. 7a) . This agrees with a previous report, which showed that AKT is phosphorylated within a few minutes of insulin or amino acid stimulation, and then returns to its basal state within an hour time period. Alternatively, S6K is activated at a later timepoint than AKT and remains active for more than an hour [44] . We have previously reported that obese and type 2 diabetic mice have decreased hepatic BRD7 levels [10] . In an obese state, it is possible that low BRD7 protein levels are a contributing factor to the dysregulation of GSK3β activity. Under cancerous conditions where AKT activation levels are high, increasing BRD7 works to decrease AKT activity and acts as a tumor suppressor.
mTORC1 is regulated by growth factors and nutrients, and controls protein translation by regulating the downstream targets of S6K and 4E-BP1, which are the rate-limiting factors of translational initiation. AKT indirectly regulates mTOR activity by phosphorylating and inactivating the TSC1/2 complex, which is an inhibitor of mTOR activity. In this report, we show that BRD7 also increases the downstream effector proteins of mTORC1, S6K, and 4E-BP1. Meanwhile, it is interesting to note that the increased phosphorylation levels of 4E-BP1 with BRD7 overexpression were not observed in the absence of AKT. However, phosphorylation levels of S6K were increased with BRD7 even without the presence of AKT. This implies that BRD7 increases phosphorylation of GSK3β through S6K in the absence of AKT activity, but AKT is required for more global actions of mTORC1, such as inhibiting 4E-BP1 to control translation. In other words, BRD7 acts as a nutrient-sensing molecule that signals which effector protein should be active to phosphorylate GSK3β without globally affecting translation after each meal. Furthermore, there is a reduction in targets downstream of mTORC1 in liver tissue lacking BRD7. This suggests that BRD7 is required for the activity of mTORC1.
There have been tremendous efforts to understand the physiology of obesity, which often involves insulin resistance, and to find a way to overcome this insulin resistant state. However, under obese conditions, many kinases are hyperactivated; in such a condition, further activation of the insulin-signaling pathway would be challenging and may not even be appropriate. A strategy to restore reduced BRD7 activity in obesity could establish glucose homeostasis by decreasing hepatic glucose production through GSK3β while preventing the body from having hyperactivated signaling pathways.
In summary, our work here partially unravels the complexity of the crosstalk network in the insulin-signaling pathway, which is triggered upon insulin stimulation, but also responds to nutrient availability. Considering the anti-diabetic effects of BRD7 and its role in gluconeogenesis, our current work suggests that BRD7 could serve as an attractive therapeutic target for the treatment of type 2 diabetes.
